APPARATUS FOR THE CLASSIFICATION OF PHYSIOLOGICAL EVENTS 

[0001] The present invention concerns an apparatus for the classification of physiological 

events. 

Background of the Art 

[0002] Physiological events give rise to physiological signals or themselves represent 

signals, on the basis of which they can be classified. The classification of physiological events or 
signals is useful in particular in relation to implantable medical devices such as for example 
cardiac pacemakers or implantable defibrillators in order to distinguish events requiring 
treatment from those which are not in need of treatment, or events in respect of which different 
treatments are indicated. On the basis of the classification procedure the implantable medical 
device is put into the position of automatically triggering off the treatment which is possibly 
required. 

[0003] Previous apparatuses for the classification of physiological events, in particular 

intracardial events, in implantable medical devices are essentially based on filtering of the signal 
shape and on the provision of a threshold value or a plurality of threshold values in combination 
with time analysis in respect of the value exceeding/falling below the threshold value or values. 
[0004] In order to achieve acceptable sensitivity to the signals of physiological events 

and acceptable distinguishability of events with the known apparatuses, it is necessary, during 
the cardiac cycle in which an event occurs, to suspend the recording of further physiological 
signals. However such suspension excludes the reliable detection of various important classes of 
intracardial events and the effective treatment thereof, thus for example an abnormal relationship 
between the two chambers of the heart. 

[0005] Therefore the object of the present invention is to provide an improved apparatus 

for the classification of physiological events, in particular intracardial events, which helps to 
overcome the above specified disadvantages. 

Summary of the Invention 
[0006] That object is attained by an apparatus for the classification of physiological 

events as set forth in claim 1 . The appendant claims set forth advantageous configurations of the 
invention. 
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[0007] An apparatus according to the invention for the classification of physiological 

events has a signal input for the input of a physiological signal based on a physiological event or 
representing or constituting same and a classification unit for classifying the physiological signal 
on the basis of its signal shape. In the apparatus according to the invention the classification unit 
includes: 

- a transformation unit which is designed to carry out transformation of the physiological 
signal in such a way that as the output signal it outputs a number of values representing the 
physiological signal and based on the transformation; and 

- a probabilistic neural network which is connected to the transformation unit to receive 
the values and which contains a number of event classes which represent physiological events 
(and which are typically implemented in the form of so-called nodes) and which in turn are each 
represented by a set of comparative values, wherein probabilistic neural networks are adapted on 
the basis of the comparison of the values with the comparative values to effect an association of 
the physiological signal represented by the values with one of the event classes. 

[0008] Classification is therefore effected by the association of the physiological signal 

representing or constituting the physiological event with an event class. In that respect a 
physiological signal which prior to input into the classification unit is prepared, for example 
standardized, filtered, adjusted or converted in a similar fashion, is also to be considered as the 
physiological signal. 

[0009] The combination of the transformation unit and the probabilistic neural network 

forms an effective classification unit for the classification of signals of intracardial events or 
other events or other signals of biological origin. 

[0010] In a development of the invention the transformation unit is a transformation unit 

which is based on wavelet transformation, that is to say it is designed to implement the 
transformation operation on the basis of wavelets and a transformation rule which determines the 
values to be outputted using the wavelets. 

[0011] Wavelet transformation is simple to perform and makes it possible to represent 

signals with relatively few values (coefficients). At the same time sufficient information is 
maintained about the signal in the event of wavelet transformation to guarantee reliable 
classification in the probabilistic neural network. In addition wavelet transformation affords the 
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possibility of adapting the transformation within the mathematical limits which apply in respect 
of calculation of the transformation to the effective recognition of individual event classes. 
[0012] The values obtained by means of the wavelet transformation operation preferably 

include values which describe a stem wavelet and additionally scaling values and translation 
values (coefficients) which in relation to a respective stem wavelet characterize the form of the 
input signal (physiological signal). 

[0013] Comparability of the values and the comparative values in the probabilistic neural 

network is guaranteed to a particular extent if the comparative values are based on a 
transformation operation in which the same wavelets and the same transformation rule are used 
as in the transformation unit. 

[0014] In an embodiment of the probabilistic neural network, for implementing the 

association of the physiological signal represented by the values with one of the event classes, 
the network includes: 

- at least one ascertaining unit for determining association probabilities of the 
physiological signal with the event classes on the basis of the comparison of the values with the 
comparative values of the respective event class and for outputting the ascertained association 
probabilities; and 

- a selection unit which is connected to the ascertaining unit for receiving the association 
probabilities and which is adapted to extract the highest association probability from the 
association probabilities and to associate the physiological signal with the event class having the 
highest association probability. 

[0015] In a development of the apparatus according to the invention, for an event class, 

there can be two or more sets of comparative values or coefficients representing the same event 
class. If such event classes are present, the ascertaining unit is adapted in particular for 
determining a plurality of association probabilities for each of those event classes. The selection 
unit is then designed in such a way that, for those event classes which have two or more sets of 
comparative values representing the same event class, the selection unit forms average values of 
the corresponding association probabilities and, upon extraction of the highest association 
probability, uses the average values instead of the individual values. The sensitivity of the 
apparatus to signal noise can be reduced with this development. The signal noise can result in 
classification errors and consequently in a lower degree of classification accuracy, in particular if 
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there is a certain width of variation in physiological signals representing the same physiological 
event. With the above-mentioned development of the apparatus according to the invention, it is 
possible to take account of variations of that nature by means of various sets of comparative 
values, whereby the level of classification accuracy which is possible with a non-noisy signal is 
substantially maintained even in relation to those signals whose noise level would markedly 
reduce the level of classification accuracy, without having regard to the variations. 
[0016] In the apparatus according to the invention, it is possible to connect upstream of 

the transformation unit an adjusting unit for centering the physiological signal in a time window 
of predetermined window width and for outputting the centered physiological signal to the 
transformation unit in order to achieve a unitary input format the physiological signals which 
occur. The above-mentioned variations in physiological signals which in themselves are the 
same, can occur in that respect for example in the form of offsets in the centering effect 
implemented by the adjusting unit. If such offsets remained disregarded, they would increase the 
sensitivity of the apparatus in relation to signal noise and thereby reduce the level of 
classification accuracy. In order to be able to take account of the offsets, it is therefore 
advantageous if, in those event classes which include two or more sets of comparative values 
representing the same event class, the sets of comparative values correspond to differing offsets 
in terms of centering of the centered physiological signal. 

[0017] The apparatus according to the invention which can be implemented both in the 

form of hardware and also in the form of software is suitable in particular for use in an 
implantable medical device such as for example in a cardiac pacemaker or a defibrillator. 

Brief Description of the Drawings 
[0018] Further features, properties and advantages of the present invention will be 

apparent from the description hereinafter of an embodiment with reference to the accompanying 
drawings in which: 

[0019] Figure 1 shows an embodiment of the apparatus according to the present 

invention for the classification of physiological events, 

[0020] Figure 2 shows a pair of test signals, on the basis of which the mode of operation 

of the apparatus according to the invention is described, 

[0021] Figure 3 shows the coefficients, obtained by means of wavelet transformation, of 

the two test signals shown in Figure 2, 
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[0022] , Figure 4 shows the effect that an offset in centering of the two test signals in a 
time window has on the classification result, 

[0023] Figure 5 shows the effect that an offset in centering of the two test signals in a 

time window has on the classification result, if offsets are taken into consideration by means of 
two or more sets of comparative coefficients representing the same event class, and 
[0024] Figure 6 shows the error rate in the classification procedure for various offsets 

occurring upon centering in the time window in dependence on the signal noise. 

Detailed Description of a Preferred Embodiment 
[0025] Figure 1 shows an embodiment of the apparatus according to the invention. The 

core of the apparatus according to the invention is formed by a classification unit 1 which 
includes a transformation unit 3 and a probabilistic neural network 5 which is connected to the 
transformation unit 3 for receiving coefficients (that is to say values) which represent a 
physiological signal which passes into the transformation unit 3 and is possibly processed 
therein. Connected upstream of the transformation unit 3 is a signal preparation unit 20 which in 
the present embodiment includes an anti-aliasing filter 22, a broadband analog-digital converter 
24, referred to hereinafter for the sake of brevity as the A/D-converter, a detection stage 26 for 
the detection of a physiological event and a combined adjusting/standardizing stage 28, an 
incoming physiological input signal A passing through those stages in that sequence, the stage 28 
being connected to the transformation unit to output a processed physiological signal. 
[0026] Hereinafter, signal preparation, which is implemented in the signal preparation 

unit 20, of the physiological input signal A which in the present embodiment is an intracardial 
electrogram (IEGM), as is to be recorded for example by means of a cardiac pacemaker, will be 
briefly discussed. It should be pointed out however that the physiological signals which can be 
classified with the present invention are not limited to intracardial electrograms. 
[0027] The anti-aliasing filter 22 involves filtering of the IEGM by means of an anti- 

aliasing low-pass filter as well as suitable amplification and/or scaling of the IEGM. As is known 
for sampled data systems, the filter suppresses signal components which can occur at frequencies 
above half the sampling rate and are superimposed by the subsequent signal processing steps. In 
addition no further filtering is effected to maintain the accuracy and the morphology of the signal 
shape of the IEGM. 
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[0028] The filtered IEGM is passed by the anti-aliasing filter 22 to the A/D converter 24 

which is a conventional analog-digital converter with a stepwise linear relationship between the 
input signal and the output signal The sampling rate and the resolution of the output signal are 
adapted to the demands of the classification procedure. In general they are at 1024 Hz or below 
or at 8 bits or above. Depending on the requirements involved it is possible to use various A/D- 
converter architectures, including the so-called "one-bit design". In special cases in which there 
are input signals with a large dynamic range, the use of nonlinear A/D-converter structures 
(which are companding, that is to say which compress the signal and then expand it again) may 
be advantageous. The converted IEGM is passed by the A/D-converter 24 as an output signal to 
the detection stage 26 and to the adjusting/standardizing stage 28. 

[0029] The detection stage 26 involves the detection of an event on the basis of threshold 

consideration which is rate-adaptive from one event to another. The result of detection is 
indicated by an activity of the signal shape of the input signal. If the detection stage 26 detects an 
event it outputs a trigger signal (triggering signal) to the adjusting/standardizing stage 28 which 
triggers adjustment and/or standardization of the physiological signal. 

[0030] If the adjusting/standardizing stage 28 receives a trigger signal from the detection 

stage 26, the underlying IEGM is detected in an event window with a predetermined window 
width which is generally 64 sampling steps, and centered in the window. The window is adapted 
to the expected type of event. The procedure also involves ascertaining the time interval from the 
last-detected event to the present event and standardization of the signal shape to a standardized 
peak-to-peak amplitude on the basis of a standardization factor in order to obtain a standardized 
event signal. The adjusting/standardizing stage 28 transmits the time interval and the 
standardization factor to the probabilistic neural network 5 whereas it transmits the event signal 
which is standardized and centered in the window to the transformation unit 3. 
[0031] The transformation unit 3 executes wavelet transformation of the centered and 

standardized event signal, the result of the transformation operation being a number of 
coefficients representative of the signal. Wavelet transformation is a well-known method of 
compactly representing any signals. In that case, the transformation of a signal is effected by 
means of reference wavelets and a calculation procedure which specifies how the reference 
wavelets are to be calculated with the signal. Details of the transformation can be selected within 
the mathematical limits given by the calculation environment, in such a way that it can be highly 
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effectively used for given signal classes. In the present embodiment which is intended for use in 
an implantable medical device, wavelet transformation makes it possible to represent an event 
window with a window width of 64 sampling steps (64-coefficient DWT) with fewer than 16 
wavelet transformation coefficients and at the same time obtain sufficient information in respect 
of the signal, to guarantee reliable event classification in the probabilistic neural network 5. 
[0032] For carrying out the wavelet transformation operation the transformation unit 3 

includes a wavelet store 6 in which the reference wavelets are stored and a computing unit 4 
which is connected to the adjusting/standardizing stage 28 for receiving the event signal 
standardized and centered in the window and to the wavelet store 6 for receiving the reference 
wavelets. Calculation of the coefficients, that is to say the actual wavelet transformation 
operation, takes place in the computing unit 4. 

[0033] There are a number of calculation methods which are suitable for calculation of 

wavelet transformation. Equally there are a large number of suitable reference wavelets. For 
calculation of wavelet transformation in the computing unit 4, it is possible to select the set of 
reference wavelets used, for example having regard to the computing power which can be 
achieved. When selecting the calculation method and the reference wavelets however care is 
preferably to be taken to ensure that, when calculating wavelet transformation in the computing 
unit 4, the same calculation method and the same set of reference wavelets are used as are 
employed when calculating the comparative coefficients (see hereinafter). 
[0034] The computing unit 4 outputs the result of wavelet transformation, that is to say 

the wavelet transformation coefficients, as a set of coefficients, to the probabilistic neural 
network 5 (abbreviated hereinafter to PNN). 

[0035] The PNN 5 includes a PNN structure 8, an input layer 7 and an output layer or 

summation unit 9. The PNN structure 8 has a number of inner nodes and is connected to the 
input layer 7 which has a number of input nodes and to the summation unit 9 or output layer 
which has a number of output nodes. 

[0036] The inner nodes of the PNN structure 8 each contain a given coefficient vector 

which contains comparative coefficients as a set of comparative values, a given comparative time 
interval and a given comparative standardization factor, and characterizes a given class of events. 
In the preferred embodiment the PNN structure 8 includes for each class just one node, but it is 
also possible to associate with a class a plurality of inner nodes with respective slightly different 
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coefficient vectors so that a class is represented by a node cluster. The coefficient vectors are 
usually previously extracted from a plurality of signals of the signal shape which is typical for 
the event class. 

[0037] The purpose of the input layer 7 of the PNN 5 is to receive the coefficients from 

the transformation unit 3 and the time interval and the standardization factor of the present 
IEGM from the adjusting/standardizing stage 28 and to distribute them uniformly over the inner 
nodes of the PNN structure 8. 

[0038] In the inner nodes the respective coefficient vectors are compared to a signal 

vector which is formed from the coefficients received from the transformation unit 3, as well as 
the time interval and the standardization factor of the present IEGM, by forming the difference of 
the signal vector and the coefficient vector. In addition, probability values are associated with the 
ascertained vector differences, in which respect the probability value is greater in proportion to a 
decreasing vector difference. The operation of determining the probability values can include a 
Gaussian transfer function with selectable standard deviation sigma (which specifies the spacing 
of the points of inflexion of the curve from the center of the curve). The selectable standard 
deviation makes it possible to establish the limits, that is to say the maximum admissible 
deviation from the respective standard signal shape of a class. 

[0039] The PNN structure 8 is connected to the summation unit 9 for transmitting the 

signal vector and the probability values ascertained for the signal vector. 

[0040] The summation unit 9 has precisely one output node for each event class, for the 

recognition of which the apparatus according to the invention is designed. The output node 
receives the probability value of the signal vector, which is ascertained for the respective event 
class. If a plurality of inner nodes are associated with an event class, the corresponding output 
node receives all probability values of those inner nodes and calculates the average value of the 
corresponding probability values. In both cases the probability value of an output node of the 
summation unit 9 represents the probability of the IEGM or the triggering event belonging to the 
class represented by the output node. The event triggering the IEGM is associated with that class 
which involves the highest probability value in the summation unit 9, insofar as that probability 
value exceeds a classification threshold. If it does not exceed the classification threshold the 
event is classified as unknown and possibly used to trigger adaptation of the PNN structure, 
which results in recognition of a new event class. Finally the summation unit 9 outputs the signal 
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vector and the event class with which it has been associated as the result of the classification 
procedure. 

[0041] As stated above a node of the PNN structure 8 includes a predetermined 

coefficient vector which characterizes the event class represented by the node. As those 
coefficient vectors of an event class have been extracted to start with from a representative 
amount of signals which go back to the corresponding event class, it is not to be expected that 
such a coefficient vector exactly reproduces an individual input signal to be classified. 
Accordingly classification is effected in the apparatus according to the invention on the basis of 
the similarity between the signal vector which goes back to the input signal and in which the 
information concealed in the input signal is encoded and the coefficient vectors of the nodes. 
[0042] The information concealed in the input signal is encoded after preparation of the 

input signal in the signal processing unit 20 in the transformation unit 3 by means of the wavelet 
transformation procedure. Wavelet transformation however is not invariant in relation to a time 
shift in the input signal in the signal window, that is to say the result of transformation changes if 
the maximum of the amplitude is moved forward or back by one or more sampling steps in the 
signal window. Consequently the values of the coefficients which are outputted by the 
transformation unit and which are of substantial significance for classification can fluctuate. The 
degree of fluctuation depends on the accuracy of centering of the input signal in the signal 
window. Although the direct effect of that fluctuation on the classification procedure is generally 
slight, significant classification errors can occur if noisy input signals are involved. 
[0043] Hereinafter classification implemented by means of the apparatus according to the 

invention is described with reference to Figures 2 through 6 representing intermediate steps in 
the course of the classification procedure, on the basis of two different test input signals by way 
of example. The test signals involved are on the one hand a sine-like so called Haversine signal 
and on the other hand a triangular signal. In this respect in particular the concepts involved in 
reducing the influence of factors which worsen the level of classification accuracy will be 
explained. 

[0044] Figure 2 shows the Haversine signal and the triangular signal which are to be 

distinguished with the apparatus according to the invention as a function of time. For both 
signals, the signal duration is 40 ms, the peak amplitude is 1 V and the sampling rate is 1024 per 
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second. The basic shape of the two signals is similar to usual signal shapes of intracardial 
electrograms. 

[0045] Figure 3 shows the low order coefficients which were obtained for the Haversine 

signal and the triangular signal respectively in the transformation unit 3 by means of wavelet 
transformation. This procedure involved the use of a Daubechies-4-transformation procedure as 
the wavelet transformation procedure, which was applied in each case to a Haversine signal and 
a triangular signal respectively which has been previously centered in a signal window of a width 
of 64 sampling steps. Admittedly, the similarities between the respective coefficients are great, 
but sufficient differences are to be noted between the coefficients. Other wavelet transformation 
procedures lead to be similar results as the Daubechies-4-transformation procedure. 
[0046] Figure 4 shows both in respect of the Haversine signal and also in respect of the 

triangular signal the effects which various offsets (measured in sampling steps) leave behind 
upon centering of the signalin the signal window in a node of the PNN structure 8 with a 
coefficient vector representing a Haversine signal (that is to say the node is adapted to represent 
an event class which leads to a Haversine signal). 

[0047] In the situation involving perfect centering of the signal in the signal window, that 

is to say in the case of an offset of the value zero, the node which represents the Haversine signal 
outputs an output value 1 for the Haversine signal as the input signal and an output value of 
about 0.25 for the triangular signal as the input signal. If on the other hand there is an offset by a 
sampling step in respect of centering of the Haversine signal or the triangular signal respectively 
in the signal window (offset + 1 or -1), then the output value for the Haversine signal as the input 
signal is reduced to about 0.55 and that for the triangular signal as the input signal is reduced to 
about 0.18. 

[0048] The difference between the two output values shown in Figure 4 forms the basis 

of event classification by means of the probabilistic neural network 5. In that respect a great 
difference (as in the case of the offset 0) ensures a low level of susceptibility of the classification 
procedure in relation to signal noise. The reduction in difference by virtue of the offset of +1 or - 
1 (measured in sampling steps) to approximately half the value with an offset of zero has the 
result that, in the case of the offset of + 1 or -1 respectively classification errors already occur at 
noise levels which are half as high as the noise level at which classification errors occur with an 
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offset of zero. That can result in a significant reduction in the operational efficiency of the 
apparatus, in many uses. 

[0049] As already mentioned it is possible for a plurality of inner nodes with respective 

slightly different coefficient vectors to be associated in the PNN structure 8 with an event class 
so that an event class is represented by a node cluster. The node cluster can now be of such a 
nature that associated with an event class are two or more nodes which each contain a respective 
coefficient vector corresponding to a (preferably slight) offset in the input signal to be expected. 
The coefficient vectors are usually extracted to start with from a plurality of signals involving the 
signal shape which is typical for the event class, wherein the signals for various nodes of a node 
cluster are (slightly) displaced in respect of time relative to each other, that is to say they have an 
offset. In that respect the magnitude of the time displacement can be selected having regard to 
the offset to be expected in the input signal, that is to say the level of accuracy to be expected in 
centering of the input signal in the signal window. 

[0050] Accordingly a node cluster of that kind provides an enlarged range in which there 

is a high difference between its output value in the case of a Haversine signal as the input signal 
and its output value in the case of a triangular signal as the input signal (Figure 5). In that way it 
is possible to maintain a high level of classification accuracy even with noise levels which would 
otherwise significantly influence the degree of classification accuracy. The pattern of the error 
rate upon classification in a node cluster representing a Haversine signal is shown in Figure 6 for 
various offsets occurring upon centering in the time window, in dependence on the signal noise. 
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